The widespread use of organophosphate (OP) pesticides has resulted in ubiquitous exposure in humans, primarily through their diet. Exposure to OP pesticides may have adverse health effects, including neurobehavioral deficits in children. The optimal design of new studies requires data on the reliability of urinary measures of exposure. In the present study, urinary concentrations of six dialkyl phosphate (DAP) metabolites, the main urinary metabolites of OP pesticides, were determined in 120 pregnant women participating in the Generation R Study in Rotterdam. Intra-class correlation coefficients (ICCs) across serial urine specimens taken at o18, 18-25, and 425 weeks of pregnancy were determined to assess reliability. Geometric mean total DAP metabolite concentrations were 229 (GSD 2.2), 240 (GSD 2.1), and 224 (GSD 2.2) nmol/g creatinine across the three periods of gestation. Metabolite concentrations from the serial urine specimens in general correlated moderately. The ICCs for the six DAP metabolites ranged from 0.14 to 0.38 (0.30 for total DAPs), indicating weak to moderate reliability. Although the DAP metabolite levels observed in this study are slightly higher and slightly more correlated than in previous studies, the low to moderate reliability indicates a high degree of within-person variability, which presents challenges for designing well-powered epidemiological studies. Keywords: organophosphate pesticide metabolites; environmental exposure; variability; reliability; cohort study; epidemiologic studies INTRODUCTION After intake, most organophosphate (OP) pesticides are rapidly metabolized to one or more of six dialkyl phosphate (DAP) metabolites.
INTRODUCTION
After intake, most organophosphate (OP) pesticides are rapidly metabolized to one or more of six dialkyl phosphate (DAP) metabolites. 1 Due to the short half-life, these are mostly excreted in urine within 24 h. 2 Therefore, levels of DAP metabolites in urine reflect recent exposure to one or more OP pesticides. 1, 3, 4 Furthermore, OP pesticides can degrade in the environment, be metabolized by plants or broken down during food processing, leading to the presence of those metabolites in food and the environment. 5 Thus, urinary OP metabolite levels represent exposure to parent OP pesticides as well as their metabolites and are considered to be non-specific markers of OP pesticide exposure.
The potential health effects of low-level exposure to OP pesticides is an active area of investigation. The widespread use of OP pesticides results in human exposure through a variety of pathways. In urban settings, exposure to OP pesticides or their metabolites mainly occurs through consumption of conventionally grown fruits and vegetables. 6 Other sources of exposure may be the spraying of insecticides in houses, common spaces, and around building exteriors. 7, 8 In rural settings, residents may be also exposed to pesticides when applied to agriculture in the vicinity of their homes or when passing by. 9 Given the many possible exposure pathways, recent epidemiological studies have often relied on urinary biomarkers of pesticides to obtain an integrated exposure estimate. Human exposure to OP pesticides has been associated with adverse neurobehavioral outcomes in rural, urban, and occupational settings. [10] [11] [12] [13] [14] [15] Most data specifically address prenatal exposure. [10] [11] [12] [13] 15, 16 The timing of exposure to OP pesticides during pregnancy may be of significance. For instance, in one study urinary DAP concentrations during the second half of pregnancy were more strongly related to a lower IQ at age 7 years than during the first half, and only prenatal (and not postnatal) urinary DAP concentrations were associated with lower IQ at age 7 years. 10 Use of DAPs as biomarkers of exposure to OP pesticides 17 presents a design challenge for epidemiological studies because of the high degree of within-person variability in measured concentrations due to the intermittent nature of exposure and rapid renal elimination. 12, 18, 19 In the present study, the concentrations of six OP pesticide metabolites in two or three serial urine specimens from 120 pregnant women were determined to investigate their reliability. In this study the term reliability is used to refer to how well the DAP concentrations in one urine specimen correlate with those in urine specimens collected at other times in pregnancy. 20 As a secondary aim, determinants of DAP concentrations were studied.
METHODS

Study Population
The Generation R Study is a population-based birth cohort in the city of Rotterdam, The Netherlands. All mothers who resided in the study area and had a delivery date between April 2002 and January 2006 were eligible. Mothers were enrolled during pregnancy or in the first months after the birth of their child when newborns visited the routine child health centers. Among the 9778 mothers who participated in the study, 91% (n = 8880) were enrolled during pregnancy. Their offspring are currently being followed to young adulthood. The study addresses four primary areas, namely growth and physical development, behavioral and cognitive development, diseases in childhood, and health and health care for pregnant women and children. 21 This study protocol underwent human subjects review at Erasmus Medical Center, Rotterdam, The Netherlands (IRB Registration no.: IRB00001482).
From February 2004 to January 2006, women enrolled during pregnancy were asked to provide a spot urine sample during early ( o18 weeks of gestational age), middle (gestational age 18-25 weeks) and late (gestational age 425 weeks) pregnancy, when they presented for ultrasound examinations and were asked to complete questionnaires. In total, 2083 women provided a complete set of three urine specimens, 1161 women provided two specimens, and one urine specimen was available for 754 women. From the 2083 women with three urine specimens and the 1161 women with 2 urine specimens, women with missing data on maternal age, ethnicity, education level, prepregnancy body mass index, perinatal smoking habits, gravidity, parity, and gestational age at child's birth were excluded. Women for whom child's birth weight and Child Behavior Checklist scores at age 3 years were missing were also excluded, resulting in a total of 1041 women with three urine specimens and 510 women with 2 urine specimens and complete data. These exclusions were applied to select a reliability sample that would be most generalizable to future studies in the Generation R cohort. For the present reliability study, 80 out of the 1041 women with three urine specimens and 40 out of the 510 women with two urine specimens were selected at random.
Urine Collection and Analysis of DAP Metabolites
Details of biological specimen collection have been described elsewhere. 22 All samples were collected between 0800 and 2000 hours in 100-ml polypropylene urine collection containers that were kept for a maximum of 20 h in a cold room (4°C) before being frozen at − 20°C in 20-ml portions in 25-ml polypropylene vials.
Measurements of six non-specific DAP metabolites of OP pesticides were conducted at the Institute for Prevention and Occupational Medicine of the German Social Accident Insurance, Institute of Ruhr-University Bochum, Germany, using gas chromatography coupled with tandem mass spectrometry (GC-MS/MS). 23, 24 Three dimethyl (DM) metabolites (dimethylphosphate (DMP), dimethylthiophosphate (DMTP), and dimethyldithiophosphate (DMDTP)) were determined, as well as three diethyl (DE) metabolites (diethylphosphate (DEP), diethylthiophosphate (DETP), and diethyldithiophosphate (DEDTP)). In short, acidified urine samples (2 ml) were spiked and mixed with isotope-labeled internal standards (DMP-d6, DMTP-d6, DMDTP-d6, DEP-d6, DETP-d10, and DEDTP-13 C4) and freezedried overnight. The lyophilized urine was dissolved and extracted with diethylether and acetonitrile, and metabolites were derivatized using pentafluorobenzylbromide at 40°C for 15 h. After further liquid-liquid extraction with hexane, analytes were detected and quantified by GC-MS/ MS. The limit of quantification (LOQ) was 0.01 μg/l for DEDTP and 0.1 μg/l for the other five DAP metabolites. The recovery of the method was determined by analyzing six different native urine samples both unspiked and spiked with 10 and 40 μg of the respective DAPs per liter. Relative recoveries ranged from 91% to 115%. Quality-control samples (prepared from pooled urine samples DAPs spiked at 10 and 40 μg/l) were analyzed blindly among the study samples. The between-day coefficients of variation (CV) were between 3.5 % and 9.6% for all the six DAPs at both concentration levels. Three dimethyl (DM) metabolites (DMP, DMTP, and DMDTP) were summed as total DM (nmol/l) and three diethyl (DE) metabolites (DEP, DETP, and DEDTP) were summed as total DE (nmol/l). Total DAP concentrations (nmol/l) were calculated by summing all the six metabolites. Urinary values were calculated with and without adjustment for creatinine.
Dietary Information
One of the questionnaires administered to the participants comprised a semi-quantitative food frequency questionnaire (SFFQ). The SFFQ included 290 food items and was based on the validated 170-item SFFQ used in the Dutch ERGO study, a community based prospective cohort study in Rotterdam, The Netherlands. 26 The questionnaire referred to diet during the preceding 3 months and was filled in during week 30 of pregnancy. To estimate the mean amounts in grams per day from completed surveys, the programs 'Measures and weights book' and 'Nevo', the Dutch food composition database, were used. 27, 28 The SFFQ was completed by 7229 of the 9778 women enrolled in Generation R (81%).
Statistical Analysis
Data were analyzed with the SAS statistical software (version 9.3; SAS Institute, Cary, NC, USA).
Values below the LOQ for DAP metabolites and the LOD for creatinine were imputed using the Richardson-Ciampi method, in which one imputes E(x|x ≤ LOQ) (defined as the expectation of x, given x ≤ LOQ). 29 Because the distributions of the DAP metabolite concentrations were right-skewed, values were natural log transformed to obtain a more normal distribution.
Crude descriptive statistics were calculated as geometric mean (GM), geometric standard deviation (GSD), median, percentiles, and range for the various DAP metabolites and combinations of metabolites. Possible differences between the mean metabolite levels for the different periods were tested with an analysis of variance (PROC ANOVA). Between-person and day-to-day (within-person) variance in DAP metabolite concentrations were determined by fitting mixed effects models (PROC MIXED), in which the identity of the mother was introduced as a random factor in order to account for possible correlation between repeated measurements in the same person. To estimate reliability across all three points in time during pregnancy, the intraclass correlation coefficient (ICC) was estimated as (between-person variance/(between-person+within-person variance)). Values can range from 0 to 1, where 1 indicates perfect reliability. 30 Furthermore, Spearman correlation coefficients between pairs of urinary DAP metabolite concentrations across pregnancy were estimated.
The associations between maternal characteristics (as listed in Table 1 ) and metabolite concentrations were also examined by introducing these characteristics as fixed effects in bivariate mixed effects models. The analyses were performed for the total DM, total DE, and total DAP metabolite concentrations and were based on lognormal-transformed DAP values. After that, multiple regression analyses were performed (241 measurements from 91 mothers), by including all the covariates that were found to be predictive of total DM, total DE, and/or total DAP metabolite levels in the bivariate models (p-value for one of the categorieso0.1).
RESULTS
Sample Characteristics
The 120 women selected for the present study represent a random sample of the 1041 women with 3 urine samples and 510 women with 2 urine samples and complete data. Women in this subset tended to be older, were more likely to be Dutch or of European nationality, and were generally more educated and more likely to have paid work compared with the women enrolled in the Generation R cohort study (n = 9778) ( Figure 1 ). The age of the 120 mothers ranged from 20 to 42 years, with more than half of them (65%) of Dutch nationality, and 70% had paid work. Only two of the mothers indicated that they had worked with pesticides during their pregnancy. The mean intake of potatoes and other tubers was 48 g/day, of vegetables was 143 g/day, of legumes was 3.9 g/day and of fruit was 206 g/day (Table 1) .
DAP Metabolite Levels in Urine
Of the 120 women, 78 had OP metabolite levels measured in three urine samples and 42 women had measures in two urine samples. Unfortunately, for two women selected to have three urine samples available, no analytical results were available for one of the three samples. On average (± SD), maternal urine specimens were collected at 13.2 ±1.7, 20.4 ± 0.8, and 30.2 ± 0.8 weeks of The urinary OP metabolite levels are presented on a creatinine basis in Figure 1 . At least one DAP metabolite was detectable in all urine specimens, with the lowest detection frequency for DEDTP (below the LOD in approximately 25-40% of samples taken at the three pregnancy time points). Geometric mean total DAP metabolite concentrations were 229 (GSD 2.2), 240 (GSD 2.1), and 224 (GSD 2.2) nmol/g creatinine for the three sampling periods. For all metabolites, variability in levels was high, and no statistically significant differences in the creatinine-adjusted levels between the time periods were observed. Total DM metabolites were present at higher concentrations than total DE, and accounted for 75-80% of the total DAP metabolites. DMP and DMTP were the DAP metabolites present at the highest levels. DMDTP was the DM metabolite with the lowest concentration, comprising 1.7-2.4% of the total DM metabolites. DEP was the major DE metabolite, comprising 71-75% of the total DE metabolites.
Reliability Between Measurements of DAP Metabolites
Pairs of specific DAP metabolite concentrations across pregnancy were weakly to moderately correlated, with the correlation coefficients varying between 0.07 and 0.44 (Table 2 ). Spearman correlations of total DAP creatinine-adjusted metabolite levels were 0.31 between period 1 (o18 weeks) and period 2 (18-25 weeks), 0.38 between period 2 and period 3 (425 weeks), and 0.31 between periods 1 and 3. Correlations were similar for total DM and total DE metabolites. In general, the correlation between periods 2 and 3 was somewhat higher than for the other paired time points, though not across all metabolites. Limiting the correlation analyses to only those women with a relatively short duration between the three periods (≤ median duration) did not result in an overall increase in correlation coefficients (Supplementary Table S3 in the Supplementary Information). Overall, no clear pattern with regard to stronger correlations between measurements closer in time could be observed.
For all specific DAP metabolites, the within-person variability (range 0.18-0.79) exceeded the between-person variability (range 0.43-1.19), resulting in ICCs for creatinine-basis metabolite levels of 0.14-0.38, indicating poor-to-moderate reliability. For total DM, total DE, and total DAP, ICCs of 0.28, 0.24, and 0.30 were estimated. The wet-weight metabolite levels (in nmol/l), which showed comparable results, are presented in the Supplementary Information (Supplementary Tables S1 and S2 and Supplementary Figure S1 ).
To investigate whether the relatively low creatinine levels affected the reliability, we conducted a sensitivity analysis in which 17 out of the 328 urine samples were excluded (from 14 women) with creatinine levels o 100 mg/l (the LOD for creatinine, values below that were imputed; 10 in the period o18 weeks, 5 in the period 18-25 weeks, and 2 in the period 425 weeks). Results were comparable regardless of exclusion based on low creatinine concentration (Supplementary Table S4 in the Supplementary Information).
Determinants of Urinary OP Pesticide Metabolite Levels Table 3 shows a multiple regression model in which all parameters that showed associations in bivariate analyses (ethnicity, education, smoking during pregnancy, work status, working with pesticides, age mother, food intake; bivariate results are briefly discussed in the Supplementary Information) were included and explained 8-12% of the between-person variance. Higher total DM and total DAP levels were observed in those of Dutch origin. Higher total DE and total DAP levels were observed in women with a high fruit intake. Lower total DE, total DM, and total DAP levels were seen in those women who continued smoking, and lower total DM and total DAP levels were observed in selfemployed women. In the multiple regression model in which the food intake parameters were included on a categorical scale (Supplementary Table S5 in the Supplementary Information), in general the direction of the effects were similar, though intake of potatoes was associated with lower DAP concentrations.
DISCUSSION AND CONCLUSIONS
Six DAP metabolites were measured in two or three urine samples in 120 women from the Generation R Study. The geometric mean total DAP metabolite concentrations were 229 nmol/g creatinine at o 18 weeks, 240 nmol/g creatinine at 18-25 weeks, and 224 nmol/g creatinine at 425 weeks, and DM metabolites accounted for 75-80% of the total DAP metabolites. For all DAP metabolites, the within-person variability exceeded the between-person variability, resulting in ICCs of 0.14-0.38, indicating poor-tomoderate reliability. Furthermore, pairs of DAP metabolite concentrations were moderately correlated, with the strongest correlation between periods 2 and 3, although no clear pattern with regard to stronger correlations between measurements closer in time could be observed.
Our results on reliability are similar to those in previous studies of pregnant women. In the CHAMACOS cohort, two pregnancy total DAP concentrations were weakly correlated (r = 0.14, P = 0.005) and did not differ from each other. 12 Within the HOME cohort, the two creatinine-standardized measures were also weakly correlated (r = 0.22). 18 In the present study, the correlations between the total DAP concentrations were somewhat higher, between 0.31 and 0.38. It should be noted that previous studies of OP pesticide metabolites have been limited to one or two maternal specimens as a measure of prenatal "in utero" exposure. The weak correlation between the samples from the same mother emphasizes the need to use multiple urine samples in order to reduce misclassification of exposure and increase power, if the exposure of interest is an average of gestational exposure.
Studies of the reliability of urinary metabolites of OP pesticides in children and adults have also reported high within-person variance relative to between-person variance. 31, 32 This high ratio of within-to-between person variance is found even among specimens collected within a day or two 32 and appears, in the present case, to be due primarily to variation in diet as well as variation in the concentration of pesticide residues on a given type of food (see below).
Total DAP concentrations in the present study were slightly lower than those reported in a previous study of another subset of the Generation R cohort, who had only one urine specimen collected after 20 weeks of pregnancy (see Table 4 ). 33, 34 It is possible that women who have had three urine specimens rather than one differed in ways not captured by the variables in the multiple regression analysis. Comparing the DAP metabolite concentrations in the Generation R Study to other cohorts in which urine OP concentrations during pregnancy were reported (Table 4) , total DM, DE, and DAP concentrations (in nmol/l) indicated that the levels were more or less similar to those observed in the Californian CHAMACOS study (USA) 12 and appeared to be slightly higher compared with participants in the HOME study in Ohio (USA) 18 and the Mount Sinai study in New York (USA). 11 Furthermore, the levels reported here were higher than those reported in the Norwegian MoBa study and the American NHANES study (in nmol/g creatinine). 34 A possible reason for the higher OP metabolite levels in the Generation R cohort compared with the NHANES cohort may be a higher fruit and vegetable intake (median of ±323 g/day compared with a median of 176 g/day for NHANES adult women), although a direct comparison is imprecise due to the different methods used to ascertain diet. [35] [36] [37] This may also partly explain the comparable metabolite levels as observed in the CHAMACOS study, in which 42% of mothers worked in agriculture during pregnancy (as a source of exposure), 38 compared with 2 out of the 120 mothers reporting to have worked with pesticides during pregnancy in this selection of the Generation R cohort.
In general, urinary OP metabolite levels represent exposure to parent OP pesticides and their metabolites from dietary intake, and use of pesticides at work, at home (indoors or in the garden), or in the surrounding environment. 5, 6, 9 To our knowledge, data on residential OP pesticide use in the Netherlands are not available. However, the marketing of biocides (non-agricultural pesticides) has been regulated in the Netherlands since 1998 by Directive 98/8/EC of the European Parliament. Under this Directive, OP pesticides were never approved for use as biocides. Furthermore, because the cohort participants all live in an urban area, bystander exposure from agricultural application OP pesticides was not very likely. Therefore it is assumed that most of the exposure to OP pesticides in this study was through diet, via consumption of fruits and vegetables with OP pesticide residues.
The European pesticide residue monitoring program has shown a decrease in the overall percentage of food samples with detectable residues since 1999. Furthermore, the percentage of samples with residues detected at or below the maximum risk limits (MRLs) is increasing, and these MRLs are more frequently 33,34 c Ten pools of one 1-ml urine samples from 11 women at~17 weeks of gestation, mean age 30 (15-53) years. 34 In the table, approximate values are given, based on GM values in μg/g creatinine. years from the NHANES study, which is a slightly different data set from that presented in the paper of Ye et al. 34 (n = 119) but otherwise the same data.
e Multiethnic pregnancy prospective cohort study in Mount Sinai Children's Environmental health Center, New York City, urine spot sample at mean gestational age of 31.2 weeks. exceeded in the foods imported from the developing countries (6.4%) than in the foods produced in the EU (2.2%). The percentage of fruit, vegetable, and cereal samples with detectable residues of multiple pesticides has increased as well. 39 In the present study, higher potato consumption was associated with lower metabolite levels, and higher fruit consumption correlated with higher metabolite levels. An explanation for the lower metabolite concentrations among those with high potato consumption is not obvious. Characteristics such as ethnicity, education, and work status are thought to be proxies for differences in food consumption patterns between nationalities and/or socioeconomic groups. Nicotine is known to influence the metabolism and toxicity of OP pesticides, and our results suggest that future studies of OP pesticide toxicity may need to consider effect modification by smoking status. 40 Although the total variance observed was mainly within-person variability, the multiple regression models explained none of the day-to-day variability owing to the fact that no specific information on variation of the determinants within the mothers during their pregnancy was available. For instance, the limited associations found with regard to diet can be partially explained by the fact that we had information that addressed the longer-term diet of the mothers during pregnancy, rather than the diet consumed shortly before urine sampling took place. However, limiting the bivariate determinant analysis to only the metabolite concentrations in urine samples collected after the 25th week of pregnancy, which is most in line with the period over which information on food intake was gathered (weeks 17-30 of pregnancy), showed comparable results (results not shown). Due to the short half-life of the OP metabolites, the consumption of fruit with a relatively large amount of pesticide residues shortly before sampling will have a large effect on the measured OP metabolites in the urine for a day or two, which is one of the explanations of the large within-person variability in the measured OP metabolite levels. As detailed information on short-term food intake was not available, the information on food intake can only be used as a general indication of dietary sources of OP pesticide exposure.
Diet, especially fruit and vegetable intake, has been associated with OP pesticide exposure in many previous studies. For example, in a study investigating exposure to OP pesticides in the general adult population in Israel, DAP metabolite levels were positively associated with age, income, female sex, and fruit consumption. 41 Among children in the CHAMACOS birth cohort, daily servings of fruit and vegetables and temporal and spatial proximity to agricultural use were strong predictors of DAP metabolite levels. 42 In a study of US men, intake of grapes and cheese was related to the concentration in urine of a metabolite of chlorpyrifos, an OP pesticide. In a study of US children from Ohio, diet was shown to be a more important source of chlorpyrifos metabolite than of chlorpyrifos itself. 43 A number of neurodevelopmental and behavioral outcomes have been associated with indices of OP pesticide exposure. For instance, associations have been observed between higher maternal pregnancy urine OP concentrations and an increased number of abnormal reflexes, 11, 15 poorer scores on the Bayley Scale of Infant Development, and with screening positive for pervasive developmental disorder. 12 Within the CHAMACOS cohort, higher maternal DAP concentrations were associated with ADHD-like behavioral scores in some analyses, 44 and within the NHANES study, higher OP pesticide metabolites in urine were associated with attention-deficit hyperactivity disorder. 45 Another cross-sectional study among children in Canada, however, did not support an adverse effect on behavior. 46 Nonetheless, compared with postnatal exposure to OP pesticides, prenatal exposure may be more strongly associated with adverse health outcomes. For instance, as noted earlier, in the CHAMACOS cohort prenatal (maternal) but not postnatal urinary DAP concentrations were associated with poorer intellectual development in 7-year-old children. 10 Although the associations of OP pesticide exposure with cognitive development are more consistent than those for behavioral outcomes, additional research is needed on the influence of low-level exposure to OP pesticides and child cognitive and behavioral development. 47 Although characterizing the reliability of the DAP metabolites concentrations in urine during pregnancy will be useful for power calculations for future Generation R Studies, a number of limitations can be identified. Having all samples from the critical window of exposure would be advantageous, but the timing of this window is unknown. Thus, more samples per subject would have been better. As noted above, this investigation of determinants of DAP metabolite concentration in urine would have been more informative if data on diet in the day or two before the urine collection would have been obtained. Data on time of the day the urine was collected and time since last void would have added precision to the estimates of exposure. Changes in diet as the pregnancy progressed could have affected the estimates of reliability. In calculating the ICC, it is assumed that the three urine specimens were collected at random and that the exposure patterns were similar across the three time periods (i.e., that the three time points were exchangeable). Although the concentrations of DAPs were not statistically different across the three time points, if there were undetected systematic differences in exposure, for example, due to dietary changes during pregnancy, the estimates of the ICC could be inaccurate, though the direction of bias would be hard to predict. Environmental and dietary specimens could have allowed verification of the assumption that most exposure was via diet and could have allowed determination of how much exposure was to parent compounds rather than metabolites, as DAP metabolites are not specific regarding the pesticide from which they were derived. During pregnancy, urine volume increases, with a 25% increase by the third trimester. 48 However, urinary creatinine and creatinine clearance are relatively stable during the period of pregnancy studied here. 49 Thus the changes in excretion related to pregnancy would have had little, if any, effect on our estimates of reliability, and expressing results on a creatinine basis facilitated comparison of these results to other studies on OP metabolites in urine from pregnancy. 33 Strengths of the study were that it had a fairly large number of subjects for a study of this type, and it provided reliability data for a European population, for whom few data of this type are available.
In this study, a relatively large variation in DAP metabolite concentrations during pregnancy was observed, and for all DAP metabolites the within-person variability exceeded the betweenperson variability, resulting in only poor-to-moderate reliability. Furthermore, no clear pattern with regard to stronger correlations between measurements closer in time could be observed, and the available information on determinants of OP pesticide exposure explained only a small proportion of the observed exposure variance. The relatively large within-person variability presents a challenge for designing epidemiological studies with sufficient statistical power. Analysis of more than one urine specimen per subject will reduce the sample size needed to detect a given association. For example, with the ICC measured in this population, with exposure based on the average in repeated measures, for a desired power, increasing the number of specimens per subject from two to three meant that about 20% fewer subjects were needed. 50, 51 
